INTRODUCTION
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synergistic interactions between cultured species to biomitigate some of the wastes produced while also increasing farm profits. Although more sophisticated and diversified IMTA systems are foreseen, existing systems currently operating in open water conditions are relatively simple and involve seaweeds to assimilate and extract dissolved nutrients, filter-feeders (primarily bivalves) to exploit suspended particulate organic materials, and deposit-feeders to use solids that settle below fish cages (Soto 2009 ).
The design and optimization of IMTA systems require assessments of the efficiency of the various culture species to intercept and assimilate the targeted waste stream and thereby reduce known impacts. It is also important to take a holistic approach to system design to ensure that desired interactions between species are not overly constrained by environmental dependence or cause other detrimental effects. Optimizing synergies be tween the various crop species requires an advanced understanding of aquaculture− ecosystem dynamics, both in general as well as for specific aquaculture sites. Mussels are currently the primary organic extractive component used in open water IMTA systems (Soto 2009 ). Commercial mussel species occupy a wide geographic distribution and can be cultured in dense populations and at relatively high biomass. These traits make them ideal candidates as particulate waste biofilters. Mussel population filtration rates can reach levels known to seriously deplete suspended particulate matter and control phytoplankton production at the coastal ecosystem scale (e.g. Grant et al. 2008 , Dame 2011 . This is a desirable attribute within an IMTA context given that particulate organic fish waste (OFW) interception and recycling is the primary role of these mussels.
Mussel feeding and digestion physiology has been extensively studied, and this predictive knowledge was used in the present study to estimate the potential efficiency of suspended mussel crops to intercept waste particles under present and alternative open water IMTA scenarios. This analysis of integrated fish−mussel culture systems expands on the previous modeling efforts of Troell & Norberg (1998) by providing estimates of OFW extraction efficiency as a quantitative metric for assessing and optimizing IMTA environmental performance. An analysis of the production of particulate organic waste products by mussels (feces originating from the ingestion of fish waste solids and natural seston) was also conducted to examine the net balance between the beneficial effects of fish waste absorption by mussels and the potential adverse effects of mussel fecal deposition.
WASTE PARTICLE CAPTURE EFFICIENCY
Mussels are currently held within IMTA systems using animals stocked on 'droppers' (mesh socks or ropes) that are hung from rafts or rope longlines. A critical process in the extraction of particulate organic wastes by IMTA mussels is particle capture. We assessed the efficiency of this process by comparing the horizontal flux of OFW particles through a 1 m 2 vertical plane of water column, with the predicted ingestion flux by a given population of mussels contained within the same vertical area. These fluxes (g m −2 h −1
) may be scaled to estimate particle capture efficiency. Horizontal particle flux (P) was calculated for a range of current speeds (u) from 2 to 8 cm s −1 and a particle concentration (C ) of 1 mg dry weight (DW) l −1 (P = u × C). The 2 cm s −1 minimum current speed corresponds with the threshold at which pre-harvest salmon cultured in the Bay of Fundy, Canada, are predicted to deplete oxygen inside net-pens below adequate levels (u below threshold for more than 40 min; Page et al. 2005) . The particle concentration used in the calculations was arbitrarily set, as it has no effect on the scaling results (see below). Mussel ingestion flux (I) was calculated as follows for a population (N; ind. m −2 ) of between 100 to 1000 commercial size animals (0.7 g dry tissue weight) contained within the 1 m 2 vertical plane of water column:
where clearance rate (CR) is set at 2.44 l h −1 for a 0.7 g DW mussel (average value for mytilid species of commercial size; Cranford et al. 2011 ). MacDonald et al. (2011 reported an average CR of 2 l h −1 for 60 mm shell length mussels feeding on fish feed. This value is lower than was reported for similar sized mussels feeding on natural seston (3.2 l h −1 ; Cranford et al. 2011) . However, given that the diets are mixed under natural conditions, the above average rate from Cranford et al. (2011) was used. Mussel densities used in calculations reflect a range of low to high stocking densities employed by the mussel culture industry. The upper limit of 1000 ind. m −2 would equate to 5 dropper sections (each 1 m long), spaced 20 cm apart and each holding 200 mussels. Capture efficiency (E) was calculated as:
Note that C cancels out in Eq. (2), and any concentration value selected is mathematically immaterial to the results. In nature, mussel CR can be responsive to changes in C and u, but both effects tend to be minimal for the range of conditions employed in this analysis. Eqs. (1) & (2) do not account for the expected satiation of total particle intake at some maximum food concentration or for the effects of preingestive particle selection on food intake by mussels. Maximum ingestion rate and the initiation of biologically significant food rejection occurs in mussels at relatively high particle concentrations (>10 mg l −1 ; e.g. Hawkins et al. 1998 Hawkins et al. , 1999 ) compared with levels observed at IMTA sites investigated in Canada, Norway, and the Mediterranean (Lander et al. 2004 , Sarà et al. 2009 , Reid et al. 2010 , MacDonald et al. 2011 , Handå et al. 2012a ). The following analysis is therefore meant to be applicable to similar environments. Particle selection is considerably less predictable than particle capture given conflicting data on mussel responses to increasing diet concentrations (Ward & Shumway 2004 ) and the lack of any studies on the selection or rejection of fish wastes by mussels. These additional processes should be considered in more complex modeling exercises.
The results of the flux scaling analysis for a single mussel culture unit (e.g. a longline arranged perpendicular to the flow direction to support mussel droppers) intercepting waste particles flowing from fish net-pen(s) show that particle capture efficiency is severely limited by the time the mussels have to filter the water. Even at the relatively slow current speed of 2 cm s −1 , the highest mussel density was only capable of capturing 3.5% of particles in the horizontal flux (Fig. 1A) . At current speeds of 4 and 8 cm s −1 , maximum capture efficiency is reduced to 1.7 and 0.9%, respectively (Fig. 1A) . The number of culture units needed to reach 50% particle capture efficiency, which was selected as an arbitrary example to further describe the potential waste recycling capacity of IMTA, was subsequently calculated (= 50/E), and the results are shown in Fig. 1B . At minimum current speeds of 2 cm s −1 , 15 high-density mussel culture units would be needed to capture half the OFW particles that pass the mussel droppers. This increases to 60 culture units at 8 cm s −1 . These calculations indicate that the mussel culture component of an open water IMTA system would need to be intensive (high standing stock on numerous culture structures) even under conditions of relatively low current speeds, to reach an arbitrary target of 50% waste capture from the horizontal flux.
One consequence of suspended mussel culture is that the drag exerted on water flow by the farm structures results in flow reduction (e.g. Strohmeier et al. 2005) . Flow reduction may permit particulate wastes to settle closer to the fish pens such that waste particles are less available to mussels in surface waters, but could also be advantageous from the perspective that waste particle capture by mussels will be more efficient at the farm-induced lower current speeds ( Fig. 1 ). High levels of flow reduction and feedback effects on food depletion (increased) and mussel growth (decreased) have been observed and predicted for mussel longline and raft farms (reviewed by Rosland et al. 2011) . Persistent farm-induced flow reduction may also have undesirable effects in an IMTA situation if the presence of intensive culture structures reduced current flow to adjacent fish netpens to levels below the threshold (2 cm s −1 for more than 40 min) needed to maintain adequate oxygen in net-pens (> 6 mg O 2 l −1 ; Page et al. 2005) . Similarly, Remen et al. (2012) reported that 60% O 2 saturation was a minimum requirement for the welfare of postsmolt Atlantic salmon exposed to cyclic hypoxia. Cur- (Page et al. 2005) , and the possible expansion of mussel culture operations at these sites should be conducted in a way that avoids increasing the exposure of fish to sub-optimal dissolved oxygen conditions.
The above waste capture efficiency estimates are based on a conservative (i.e. best-case) scenario and are expected to be overestimated for several reasons. First, the mussels would not be evenly distributed over the water column, but are clustered on the droppers. This may allow a large fraction of the particle flux to pass between the droppers out of the reach of mussel feeding currents. Alternatively, turbulent flows induced by the structures may improve particle contact with mussel feeding currents. Second, the clustering of mussels on the droppers allows re-filtration of water as it passes multiple animals, and this would mean that the population clearance rate employed in the above calculations was overestimated. Third, the mussels used in these calculations are of harvestable size, and population clearance rates may be considerably lower during earlier stages of culture. Fourth, we are assuming that all fish waste particles can be captured by mussels with equal efficiency. While mussels are highly opportunistic feeders that can effectively capture a wide size range of particles (~3 to 6000 µm; Davenport et al. 2000 , Ward & Shumway 2004 , the capacity to ingest large waste feed particles and fish feces present in the horizontal particle flux may be much lower than assumed in this analysis. Lastly, for mussels to reach the indicated fish waste capture efficiencies, their holding structures would have to be placed within transport pathways for all particulate OFW exiting the net-pens at all stages of the tidal cycle. Currently, mussels are confined mainly to surface waters (ranges from 5 to 13 m depth with most mussels held at < 7 m depth; S. M. C. Robinson pers. obs.) in relatively small areas outside open water IMTA farms. This spatial arrangement of mussels limits their waste exposure to specific tidal periods and primarily to 'unsettleable' particulate wastes known as 'fines' that originate from fish pellets. Uneaten feed pellets and relatively large fish feces may exit net-pens below the mussels and may not be of a suitable size for ingestion by filter-feeders. The high degree of waste 'leakiness' at current open water IMTA sites, combined with the limited efficiency of the mussel biofiltration system under typical flow conditions, results in a low fraction of the solid organic fish waste flux being captured by these filterfeeding species.
BIOMITIGATION POTENTIAL
The feeding activity of dense populations of mussels can be a significant factor in the transformation and translocation of suspended particulate matter in the marine environment (Dame 2011) . Their role in altering particle transport results from the consumption of relatively fine suspended particles (e.g. phytoplankton, zooplankton, detritus), and the subsequent production of fecal pellets that exhibit much higher settling velocities. Not all of the organic matter contained in ingested salmon feces and waste feed (77 and 93% organic, respectively; Reid et al. 2010 ) is extracted in the mussel harvest. An average of 10% from the fish feed and 14% of the salmon feces organic matter consumed by mussels may be egested as feces (Reid et al. 2010) , and this loss term needs to be factored into the overall determination of IMTA waste extraction efficiency. Although the consumption of waste feed fines may contribute to mussel production in IMTA systems, extraction of these organic wastes in the mussel harvest has no known beneficial effect because the feed fines are considered 'unsettle able' and therefore do not contribute to local benthic organic enrichment impacts at fish farms. The transformation of some of this organic material into mussel fecal pellets that settle at an average velocity of 1.0 cm s −1 (Weise et al. 2009 ) may contribute to benthic organic loading near fish net-pens. Organic matter in fish feces is largely responsible for the benthic habitat and community impacts of open water fish aquaculture, and the transformation of some of this material into mussel biomass, which is subsequently harvested, could theoretically reduce benthic organic loading under IMTA systems compared with fish monoculture sites (Soto 2009 ). Consequently, the following analysis of the biomitigation capacity of mussels focuses on the organic fish feces (OFF) component of total OFW. Natural food sources are an important dietary component for IMTA mussels and are critical from the perspective of determining whether the mussels actually realize their intended role of reducing benthic impacts from fish feces deposition. This benefit would occur only if the absorption rate of organic matter in fish feces (A OF ; g h −1 ) by mussels was greater than their organic matter egestion rate (F ). This fundamental requirement of any organic extractive species may be expressed in the form of the following 'biomitigation indices' (BI):
Mussel egestion rates include organic matter from undigested fish feces (F OF ) and from natural seston (F OS ). Index values greater than unity represent desirable IMTA conditions where the mussels are predicted to absorb more waste organic matter than they release as feces (i.e. a biomitigation potential is indicated). The first index includes both natural and anthropogenic feces constituents and estimates the net balance between waste absorption and total organic egestion that results from ingesting a mixed diet. The second index excludes the defecation of undigested organic matter in fish feces because the organic matter contained in F OF would be present at a fish farm even if mussels were not present, albeit in a different particulate form. Consequently, the biomitigation potential of IMTA mussels may best be indicated by BI 2 . To investigate possible dietary conditions under which biomitigation by mussels is indicated, the 2 indices were calculated for a 0.7 g DW mussel using a range of natural seston concentrations (0 to 10 mg DW l ). Given that mussels are generally cultured outside of fish farm cage arrays, the fish waste component was estimated to be available to mussels 50% of the time. This assumes that bidirectional changes in tidal flow alter the availability of fish wastes to the mussels. The organic content (OC) of fish feces was set at 77% and the corresponding mussel absorption efficiency (AE) at 86% (Reid et al. 2010) . To examine the effects of different seston and waste concentrations on BI 1 and BI 2 , seston was initially assumed to be 40% organic (typical value observed by the authors at IMTA farms in the Bay of Fundy) with an average AE of 0.46, which was estimated using:
Eq. (5) was derived to estimate average mussel AE values at different dietary OCs based on relationships reported by Bayne et al. (1987) , Navarro et al. (1991 Navarro et al. ( , 1996 , Figueiras et al. (2002) , and Reid et al. (2010) . This equation was also used to examine effects on BI 1 and BI 2 resulting from the presence of a wide range of seston OCs. The average mussel clearance rate given above was employed along with these AE estimates to calculate rates of organic ingestion (I = CR × C), absorption (A = I × AE), and egestion (F = I − A) for each seston and waste dietary concentration. These data were then used to calculate both biomitigation indices.
Biomitigation index calculations suggest that mussels have the capacity to reduce organic enrichment effects from OFF under specific aquaculture conditions. These conditions are defined by the concentration of OFF available to mussels, which affects A OF and F OF , and the ambient seston concentration and OC, which affect F OS . The interacting effects of fish waste and seston concentrations on the biomitigation potential of mussels are illustrated in Fig. 2 . In areas where seston concentrations are relatively low, OFF will tend to comprise a relatively high percentage of the particulate organic matter ingested by mussels, and the resulting waste absorption rate can potentially exceed organic egestion rates (BI ≥ 1; Fig. 2) . In IMTA systems characterized by high seston conditions, high OFF concentrations are needed to allow the waste absorption rate to exceed the relatively high seston egestion rate (Fig. 2) . The OFF percent- , assuming 77 and 40% organic contents for the fish waste and seston, respectively, and wastes are available 50% of the time. A biomitigation index (BI) less than unity (dashed line) represents non-biomitigation conditions where mussels produce more organic wastes as feces than they absorb from the ingested fish wastes age of total organic matter ingested by mussels is therefore an important parameter for assessing the biomitigation potential of mussels at IMTA sites. The required diet proportions permitting biomitigation are also affected by seston OC, as illustrated in Fig. 3 . In the modeled scenario, where seston OC was assumed to be 40% (e.g. IMTA farms in the Bay of Fundy), BI 1 and BI 2 exceeded the biomitigation threshold value of 1 when ingested organic matter consisted of more than 30 and 28% OFF, respectively (Fig. 3) . At sites where seston OC is higher, the seston is absorbed more efficiently by mussels and the required OFF proportion decreases (Fig. 3 ). In contrast, IMTA sites located in areas with low seston nutritional quality are less suitable for employing mussels for waste biomitigation purposes. Both biomitigation indices provided somewhat similar results (Figs. 2 & 3) because OFF has been reported to be efficiently absorbed by mussels (Reid et al. 2010) . This results in relatively low predicted values for F OF , compared with F OS .
The preceding analysis begs the question whether it is possible for fish feces to supply a substantial fraction of the organic matter ingested by mussels (e.g. >15 to 35%; Fig. 3 ). Mussel diet contributions from net-pens can, to some extent, be inferred from the degree of tissue growth enhancement observed in bivalves at fish farms compared with adjacent control sites. Bivalves cultivated close to open water fish farms have been observed to grow significantly faster than the controls (Jones & Iwama 1991 , Stirling & Okumus 1995 , Lander et al. 2004 , Sarà et al. 2009 , Handå et al. 2012a , Jiang et al. 2012 . These results contrast with those from other studies that indicate no significant influence on bivalve growth in an integrated system (Taylor et al. 1992 , Parsons et al. 2002 , Cheshuk et al. 2003 , Navarrete-Mier et al. 2010 . Although it is difficult to compare these results given the different experimental designs, the observations suggest that fish wastes can comprise an important fraction of the bivalve diet in areas with low seston concentrations and low seston OC, inside or very close to net-pens, in areas where the cultured fish are provided a trash fish diet, and/or during winter at sites outside net-pens when natural food is relatively scarce. Although waste fish feed appears to enhance bivalve tissue growth under these conditions, fish feces alone does not appear to be as effectively utilized by mussels (Both et al. 2012 , Handå et al. 2012b .
Another approach to estimating the relative importance of different bivalve nutritional sources at fish farms is based on stable isotope (carbon and nitrogen) analysis of the bivalves, seston, and fish feed and feces. Based on stable carbon isotope analysis, Mazzola & Sarà (2001) concluded that the role of organic fish wastes in the diet of mussels varied seasonally with an average of 50% of the diet consisting of fish feed. Sarà et al. (2004) indicated that carbon in fish wastes (feed and feces) contributed 39% of total particulate organic matter at another Mediterranean fish farm. However, these studies did not specifically quantify fish feces contributions to bivalve diets. Gao et al. (2006) estimated that dietary organic matter available to mussels held inside fish cages, during a period of low phytoplankton availability, consisted of 27.5% fish feed and 4.2% fish feces. The remaining fraction was naturally occurring organic matter. This estimated fish feces contribution to the mussel diet is low considering the above predictions that indicate that between 15 and 35% fish feces organic matter is , assuming an OC of fish waste of 77% and wastes available to mussels 50% of the time required in the diet for mussels to reduce benthic organic loading from fish feces (Fig. 3) . The preceding analysis indicates that (1) waste feed fines likely do not contribute to local benthic organic enrichment impacts at fish farms unless they are incorporated into larger particles such as mussel fecal pellets, and (2) fish feces may not generally constitute a large enough fraction of the diet to allow mussels to extract more organic matter from fish feces than they release as waste (undigested OFF and/or seston). Both conclusions raise questions about the possible effects of mussel feces production. The organic enrichment effects of organic biodeposition by commercial mussel culture operations have been reviewed on several occasions and tend to be either negligible or localized (e.g. Burkholder & Shumway 2011 , McKindsey et al. 2011 . Larger-scale adverse impacts have been observed under site-specific conditions of relatively poor water flushing, high culture density, shallow water, and/or the presence of additional sources of organic enrichment (Hargrave et al. 2008a , Cranford et al. 2009 ). Given that the mussel component of an open water IMTA system requires high culture densities in an extensive arrangement to be partially effective at capturing all of the suspended wastes (see above), the possible cumulative effects of organic biodeposition from both the fed fish and the organic extractive IMTA components need to be carefully considered.
A preliminary analysis of the possible magnitude of mussel biodeposition at an IMTA site was conducted by calculating mussel organic egestion rates for a range of depth-integrated mussel stocking densities (1000 to 30 000 mussels m −2 of water column or 0.7 to 21 kg dry tissue m −2 ). In this example, average dietary conditions were based on observations at commercial IMTA sites in the Bay of Fundy. The range of crop densities was derived assuming that mussel droppers were between 5 and 15 m long (the latter is a typical depth of a salmon net-pen) with 200 to 1000 mussels m −1 of dropper and 1 or 2 droppers m −2 . Presently, the mussel stocking biomass at Bay of Fundy sites is approximately 4.3 kg DW m −2 , with droppers extending from the surface to between 7 and 13 m depth. Seston concentration was set at 3 g DW m −3 with 36% OC (Reid et al. 2010) . Fish feces was assumed to be available to mussels 50% of the time and ranged from 1 to 10 g DW m −3 with 86% OC (1:1 mix of fish feed fines and feces). Absorption efficiency was assumed to be 88% for this mix of OFF (Reid et al. 2010) and 39% for seston (Eq. 4). Organic matter in mussel feces was assumed to be 5% carbon (Smaal & Zurburg 1997) . Total DW and carbon egestion rates were calculated for comparison with results from previous model predictions.
The calculated egestion rate of an individual mussel feeding only on the available seston was 83 mg
, which is within the range of field observations (Cranford & Hill 1999 , Callier et al. 2006 , Weise et al. 2009 ). Population egestion rates are summarized in Fig. 4 for the described IMTA scenarios, and feces production is predicted to reach a maximum of 6735 g DW m (Fig. 4) . Current mussel stocking densities in the Bay of Fundy are estimated to produce 13 to 19% of these values (Fig. 4) . Given that mussel stocking levels (seeding density per dropper, droppers per area, and/or dropper length) would need to be increased markedly to improve waste particle capture in the future, the maximum predicted egestion rates are used in the following discussion. Egestion rates cannot be interpreted as representing benthic loading (deposition rate) owing to the expected horizontal spreading of fecal pellets during sedimentation to the seabed. Average settling velocities of 1.0 and 3.2 cm s −1 for mussel and salmon feces, respectively (Reid et al. 2009 , Weise et al. 2009 ), indicate that the mussel biodeposits would generally spread over a larger area of seabed than do salmon feces. Modeling approaches have been developed for predicting benthic fecal loading from both fish and shellfish aquaculture operations (Cromey et al. 2002 , Weise et al. 2009 ). Benthic community alterations have been observed at deposition rates greater than 15 g DW m −2 d −1 (Weise et al. 2009 ) and 1 g C m −2 d −1 (Chamberlain & Stucchi 2007) , and both thresholds would be exceeded if just 1% of the mussel egestion flux predicted for the highest densities reached the seabed. A significant decrease in all macrofauna is predicted when benthic carbon loading exceeds 5 g C m −2 d −1 (Hargrave et al. 2008b ), a level that would be exceeded if approximately 5% of the predicted mussel egestion flux deposited on the seabed.
These results accentuate the importance of designing IMTA systems in such a way that a significant proportion of the mussel diet is comprised of organics from the fish farm (>15 to 30%, depending on the site). In an IMTA situation where there will be organic loading coming from the fish component, avoiding an increase in benthic loading will be important. This will mean optimizing the number of mussels and their relative positions with respect to the fish farm so that they extract the maximum amount of fish farm organics while not increasing the benthic load.
BALANCING THE ECONOMIC AND BIOMITIGATION ROLES OF EXTRACTIVE SPECIES
The underlying philosophy of open water IMTA is to decrease the known environmental effects of fed fish culture through the creation of trophic linkages while also increasing the profitability of a farmed area. The profitability objective could place an additional constraint on the efficiency of organic extractive species to recycle particulate wastes, as illustrated in Fig. 5 . The maximum production of an organic extractive species crop at any given site is limited by food availability, and this is the basis of the production carrying capacity concept (e.g. Grant & Filgueira 2011) . Food depletion by mussels acts as a biological feedback mechanism that limits mussel production (e.g. Rosland et al. 2011) . Maximum crop production for a given area is reached when the rate processes that supply food to the culture are in balance with the rate of food removal by the crop. This carrying capacity of a site represents the production that may be achieved given temporal variability in stocking biomass and environmental processes over the production cycle. Increasing crop biomass beyond this carrying capacity causes food depletion and diminishing crop production (Fig. 5) . To achieve the highest degree of waste extraction, a stocking biomass is required that exceeds production carrying capacity and which consequently results in relatively low crop production (Point C in Fig. 5 ). Assuming that efficient fish waste extraction is one of the primary roles of an IMTA system, a farm design that is efficient at capturing waste particulate matter will 170 Fig. 5 . Conceptual diagram of the effects of increasing extractive species biomass on integrated multi-trophic aquaculture (IMTA) farm profitability (crop production) and sustainability (availability of particulate organic fish waste, OFW). Point A represents existing open water IMTA farm conditions, at which the relatively low biomass of extractive species results in sub-maximal crop production (solid line) and low OFW depletion (dashed line). Point B corresponds with the production carrying capacity of the extractive species, which occurs when crop production is limited by the available food supply, including OFW. At Point C, the high stocking biomass provides efficient waste extraction at the expense of crop production and profitability. The OFW availability line is shown as a curve owing to the expected feedback effects of increasing IMTA structures on current speed reduction and the resulting increase in particle capture efficiency likely cause food limitation, with the result that crop production is less than could be achieved at a stocking biomass that is more in balance with food availability. Additional grow-out time may then be required for the extractive species to reach an acceptable market size. Alternatively, an IMTA farmer may decide to control the balance between profitability and fish waste extraction efficiency by altering the density of the extractive species.
CONCLUSIONS
The above analysis of potential limitations on organic fish waste recycling by mussels within open water IMTA systems confirms, and expands on, previous concerns expressed on the implementation of systems employing bivalves as the sole organic extractive species (Troell & Norberg 1998 , Cheshuk et al. 2003 , Navarrete-Mier et al. 2010 . Open water integrated fish−mussel aquaculture systems currently in operation and development may be ex pected to remove only a small fraction of the particulate wastes from the fed fish component owing to the relatively low mussel densities employed, their location in the upper water column away from the primary source of particulate waste (fish feces), the orientation of the bivalves relative to directional flow variation, and the size-class distribution of the particulates. Engineering advances in both structural design and improved linkages with water flow may increase efficiency. Positioning shellfish structures at a central location surrounded by fish net-pens would increase shellfish exposure to wastes over a large percentage of the tidal cycle, but such an arrangement may impose space limitation for mussel structures, and solid wastes exiting individual fish pens would not pass any of the shellfish for large parts of the tidal cycle. The present orientation of mussel structures appears to primarily target fish feed 'fines' that do not cause any known benthic organic enrichment impact, but which can enhance mussel growth under some conditions. Open water OFW extraction by mussels, and other filter-feeders, is primarily limited by the time available to intercept and capture particles. This can only be partially compensated by employing intensive (biomass) and extensive (space) mussel culture structures. Under such conditions, capture efficiencies on the order of 50% may be possible under ideal conditions at sites with relatively low current speeds (~2 cm s −1 ), but would be difficult to achieve at higher flows (Fig. 1) .
For the IMTA concept to be valid, the suspension feeder component would have to produce feces containing less organic matter from the natural seston than contained in the organic matter from the fish feces absorbed. This should not be assumed for any site given that the primary food source of these animals occurs naturally and will contribute to organic loading. Environmental conditions that are best suited to IMTA with mussels include areas where fish wastes dominate naturally occurring particulate food resources and where a high fraction of the seston organic matter is absorbed by the mussels.
IMTA is meant to promote economic and environmental sustainability. However, an appropriate balance between the environmental and financial objectives of IMTA needs to be found considering that waste extraction efficiency, food depletion (fish wastes and naturally available sources) and crop production are interrelated and controlled by the farmer. Farmers may benefit from the willingness of consumers to pay a price premium for IMTA products (e.g. ecolabeling). Indications of consumer preference for IMTA products have come from public attitudinal studies in which the waste extraction benefits of IMTA were described in basic terms (Ridler et al. 2006 , Barrington et al. 2010 . Given that waste recycling in open water systems containing filterfeeders as the sole organic extractive species appears to be less efficient than required to meet basic IMTA descriptions, future open water IMTA research should focus on the development of systems that rely to a much greater extent on extractive species held in structures designed to better capture and accumulate organic wastes. The development of a benthic component, comprised of deposit feeders that will have access to the vertical flux of particles from fish netpens, is an important stage in the development of IMTA systems.
IMTA has been defined using subjective terms related to possible social and environmental benefits. The lack of a quantitative definition makes it difficult to evaluate whether IMTA is meeting stakeholder expectations. This paper has focused on identifying critical limitations on organic fish waste extraction efficiency by mussels. The identification of these limitations should not be interpreted as a judgment on the effectiveness of IMTA systems as a whole. It may be possible to design systems that address inefficiencies in, or impacts from, one component through the addition of other extractive species. Also, some ecological benefits may be achieved under conditions of low waste extraction efficiency. These benefits require further study at open water sites so that the capabilities of IMTA may be better defined and evaluated. 
